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Abstract: A generalised probe method is proposed for fast and accurate complex permittivity measurements. The method is 
based on the simulated reflection coefficients using the finite difference frequency domain (FDFD) method. A database is 
setup, which consists of the simulated complex reflection coefficients of the unknown material under test (MUT). A fast 
searching algorithm is performed to match the measured reflection coefficients to the reference values in the database, 
thus the complex permittivity of the liquid can be obtained. An in-house measurement system is developed. The unique 
feature of this system is that it can be applied to an arbitrarily shaped probe. Liquid samples are measured and the results 
are compared with that published in literatures. Good agreements are obtained. These results could be useful for liquid 
microwave component designs and applications.  
 
1. Introduction 
Recently, liquid materials have been used in 
microwave devices due to a range of attractive features such 
as conformability, reconfigurability and transparency. Based 
on these attractive features, some interesting liquid 
microwave devices have been reported, including liquid 
antennas [1-9] (e.g. water based liquid antennas [2, 3], 
organic liquid antennas [4, 5], ironic liquid antennas [6, 7] 
and liquid metal antennas [8, 9]), waveguides (e.g. a 
microfluidically controlled 3D printed waveguide [10]), 
metamaterials  and absorbers (e.g. a water based tunable 
metasurface [11], a tunable all-dielectric electromagnetic 
metamaterial [12], and water-based broadband metamaterial 
absorbers [13,14]). 
An accurate measurement of the complex 
permittivity of the liquid material is necessary, which can 
provide researchers with valuable information to use the 
material in most suitable applications (e.g. high conductivity 
materials can be used for conductive antennas, while high 
permittivity materials are possible for compact dielectric 
resonator antennas). Six types of measurement techniques 
are frequently used in complex permittivity measurement: 
the open-ended coaxial probe method, the transmission line 
method, the free space method, the resonant cavity method, 
the parallel plate method, and the inductance measurement 
method [15-16]. The choice of measurement technique 
depends on the material under test (MUT), frequency of 
interest, the range of permittivity, the required measurement 
uncertainty, sample size and temperature. 
For liquid materials, the open-ended coaxial probe 
method has been widely used for the attractiveness of 
broadband measurements, simple sample preparations and 
easy measurement setup. Efforts have been devoted in this 
area. In [17, 18], an equivalent circuit of an open-ended 
coaxial line was used to estimate the permittivity of the MUT, 
and a fast computation was obtained. In [19-22], analytical 
full-wave analysis was applied to characterise the permittivity 
or reflection coefficients of the MUT, providing good 
accuracy with the expense of simulation time. In [23], an 
improved model for an open-ended coaxial probe was 
proposed, which offers a wide range of permittivity 
measurements without sacrificing computational speed or 
accuracy. In [24, 25], the open-ended coaxial probe technique 
was implemented in complex permittivity measurements of 
artificial sea ice and oil palm fruits, respectively. In [26], a 
wideband measurement system was developed using coupled 
coaxial probes, both complex permittivity and permeability 
can be measured simultaneously. In [27], a developed model 
for the slim form coaxial probe was presented, which 
accurately determined the unknown permittivity of human 
biological tissues. Some commercial products based on the 
coaxial probe method are also available [28]. Generally, 
analytical methods are highly complex and may involve 
infinite series; they also have preconditions and 
approximations, which may not be suitable for arbitrarily 
shaped probes (e.g. when the end of a probe is not flat). On 
the other hand, equivalent circuit model methods simplify the 
model but the error increases with frequency. 
In this paper, a generalised complex permittivity 
measurement system for liquid materials is developed. This 
method retains the accuracy of the full-wave method without 
sacrificing the computation efficiency in measurement. 
Simulations are carried out by using the finite difference 
frequency domain (FDFD) method. A database is setup which 
contains the relationship between the complex reflection 
coefficients and the material parameters (relative permittivity 
𝜀𝑟  and conductivity 𝜎 ). In the measurement, the reflection 
coefficient of the MUT is recorded to find the nearest 𝜀𝑟 and 
𝜎 in the database, and a fast searching algorithm is applied in 
the matching process. The paper is organised as follows: 
Section 2 presents the measurement system, theory and 
algorithm; Section 3 gives the measurement results and 
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compares them with the published literatures; Section 4 
concludes the paper. 
2. Measurement system, theory and algorithm  
The liquid measurement system consists of a vector 
network analyser (VNA), an open-ended coaxial probe and 
control software. The setup of the measurement system and 
the flanged open-ended coaxial probe with detailed 
dimensions are presented in Fig. 1. The characteristic 
impedances of the coaxial probe and the transmission line 
are 50 Ω. Note that the proposed system is a generalised 
system and can be applied to an arbitrarily shaped probe, 
which is the great advantage of the proposed method. 
Fig. 2 shows the workflow, the measurement 
procedure consists of four steps: database setup, calibration, 
measurement of the MUT and complex permittivity 
matching using a fast searching algorithm. 
 
2.1. Database Setup 
 
Before measurements, a database is required to 
record the relationship between the material parameters 
(relative permittivity 𝜀𝑟  and conductivity 𝜎 ) and the 
reflection coefficients. The FDFD method [29, 30] in the 
commercial software (CST) is applied to simulate the 
reflection coefficients of the MUT with different values of 
permittivity. The simulation models are shown in Fig. 3. 21 
and 51 samples are collected for 𝜀𝑟  and 𝜎  of the MUT, 
respectively, which can be expressed as:  
 
𝜀𝑟 = 10
𝑥 , 𝑥 = 0,0.1,0.2, … ,2 
𝜎 = 10𝑦, 𝑦 = −3, −2.9, −2.8, … ,2 
𝑡𝑎𝑛𝛿 =
𝜀′′
𝜀′
=
𝜎
𝜔𝜀𝑟𝜀0
                                            (1) 
 
where 𝜔  is angular frequency, 𝜀0  is vacuum dielectric 
constant, 𝑡𝑎𝑛𝛿 is loss tangent of the material, 𝜀′ and 𝜀′′ are 
the real part and imaginary part of the complex permittivity, 
respectively.  
The reference plane of the reflection coefficient is set 
to the end of the probe. 1071 (21 × 51) samples are simulated, 
all the reflection coefficients (Γ11(𝑓)) in the frequency range 
of 0 - 6 GHz are recorded to form the database. The simulated 
real part and imaginary part of the reflection coefficients at 
6 GHz with different values of 𝜀𝑟  and 𝜎  are presented in 
Fig. 4. 
Note that the proposed system is general, the probe 
dimensions (or the shape of the probe) can be different. If 
another probe is used, we only need to update the database.  
 
2.2. Calibration 
 
Once the database is setup, the probe calibration 
should be performed. We need to find the relationship 
between the measured reflection coefficient (𝑆11𝑚) from the 
VNA and the reflection coefficient ( Γ𝑟 ) at the interface 
between the probe and the MUT (reference plane of the 
simulated reflection coefficient). The error box (S matrix) 
between 𝑆11𝑚  and Γ𝑟 in Fig. 5 can be estimated by the 
following equations [31]: 
 
𝑆11𝑠 = 𝑒11 +
𝑒21𝑒12Γ𝑟𝑠
1 − 𝑒22Γ𝑟𝑠
 
𝑆11𝑜 = 𝑒11 +
𝑒21𝑒12Γ𝑟𝑜
1 − 𝑒22Γ𝑟𝑜
 
𝑆11𝑤 = 𝑒11 +
𝑒21𝑒12Γ𝑟𝑤
1 − 𝑒22Γ𝑟𝑤
 
 𝑒21 = 𝑒12                                                      (2) 
 
 
Fig. 1.  Set up of the liquid complex permittivity 
measurement and geometry of the open-ended coaxial 
probe. 
 
 
Fig. 2.  Workflow of the proposed measurement system. 
 
 
(a)                                                      (b) 
Fig. 3.  Simulation models of the open-ended coaxial probe 
and the MUT. (a) Perspective view. (b) Cross-section view 
(a refined mesh is used at the interface of probe and the 
MUT).  
 
(a)                                       (b) 
Fig. 4.  Reflection coefficients with different values of 
relative permittivity (𝜀𝑟) and conductivity (𝜎) at 6 GHz. (a) 
Real part. (b) Imaginary part. 
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where 𝑆11𝑠 , 𝑆11𝑜 and 𝑆11𝑤  are the measured reflection 
coefficients of short, open, and pure water, Γ𝑟𝑠, Γ𝑟𝑜, and Γ𝑟𝑤 
are the simulated reflection coefficients of short, open, and 
pure water in the database.  
A three-step calibration procedure is performed. Three 
different loadings including open, short and material with 
known permittivity (pure water) are used. According to (2), 
the corresponding measured reflection coefficient (𝑆11𝑠, 𝑆11𝑜 
and 𝑆11𝑤 ) recorded from the VNA and the reflection 
coefficient (Γ𝑟𝑠, Γ𝑟𝑜, and Γ𝑟𝑤) obtained from the simulations 
are utilized to solve the error box as:  
 
𝑒11 = [𝑆11𝑤Γ𝑟𝑜Γ𝑟𝑠(𝑆11𝑠 − 𝑆11𝑜) − 𝑆11𝑜Γ𝑟𝑤Γ𝑟𝑠(𝑆11𝑠 − 𝑆11𝑤) 
+𝑆11𝑠Γ𝑟𝑜Γ𝑟𝑤(𝑆11𝑜 − 𝑆11𝑤)]/Δ 
𝑒12 = 𝑒21 = [(𝑆11𝑠 − 𝑆11𝑜)(𝑆11𝑠 − 𝑆11𝑤)(𝑆11𝑜 − 𝑆11𝑤) 
(Γ𝑟𝑠 − Γ𝑟𝑜)(Γ𝑟𝑠 − Γ𝑟𝑤)(Γ𝑟𝑜 − Γ𝑟𝑤)]
1
2/Δ 
𝑒22 = [−Γ𝑟𝑤(𝑆11𝑠 − 𝑆11𝑜)+Γ𝑟𝑜(𝑆11𝑠 − 𝑆11𝑤) 
−Γ𝑟𝑠(𝑆11𝑜 − 𝑆11𝑤)]/Δ 
where Δ = Γ𝑟𝑠Γ𝑟𝑜(𝑆11𝑠 − 𝑆11𝑜) − Γ𝑟𝑠Γ𝑟𝑤(𝑆11𝑠 − 𝑆11𝑤) 
+Γ𝑟𝑜Γ𝑟𝑤(𝑆11𝑜 − 𝑆11𝑤)                                (3) 
 
 
2.3. MUT Measurement  
 
Since the error box is known, when the reflection 
coefficient of MUT is measured, reflection coefficient at 
MUT interface Γ𝑟 can be obtained in an inverse way: 
 
Γ𝑟 =
𝑒11 − 𝑆11𝑚
𝑒11𝑒22 − 𝑒21
2 − 𝑒22𝑆11𝑚
                          (4) 
 
where 𝑆11𝑚  is the measured reflection coefficient of the 
MUT using VNA. 
 
2.4. Fast Searching Algorithm 
 
The complex permittivity is evaluated using a fast 
searching algorithm after measuring the reflection coefficient 
of MUT. Considering the frequency dependency of the 
material property, the matching process is performed in a 
sequence of frequency bands as shown in Fig. 6. In each 
frequency band, two kinds of search are applied: a coarse 
search with 1071 samples and a refined search in a smaller 
region. We repeat the matching process in the refined region, 
thus 𝜀′ and 𝜀′′ (the nearest values) of the MUT can be found. 
The searching process is illustrated in Fig. 7. The searching 
algorithm is very similar to the quadtree algorithm in 
computer science [32]. By comparing the reflection 
coefficient of MUT (Γ𝑟 ) and that in database (Γ11(𝑓)), a 
sample with the minimum average error can be searched. The 
error of a single frequency (Err(𝑓)) and the average error 
(〈Err(𝑓)〉) are defined as:  
 
Err(𝑓) = |𝑆11ReMUT − 𝑆11ReRef| + |𝑆11ImMUT − 𝑆11ImRef| 
〈Err(𝑓)〉 = [Err(𝑓1) + Err(𝑓2) + ⋯ + Err(𝑓n)]/𝑛          (5) 
 
where 𝑆11ReMUT and 𝑆11ImMUT are the real and imaginary part 
of the measured reflection coefficient of MUT, respectively. 
𝑆11ReRef  and 𝑆11ImRef  are the real and imaginary part of 
simulated reflection coefficient in database, respectively. 𝑓1, 
𝑓2 and 𝑓n are the frequency points in the band, and 𝑛 is the 
number of frequency points.  
The measurement process is less than 1 second and the 
searching time is less than 2 seconds (for a relative bandwidth 
of 10% in matching process), which is much faster than the 
full-wave analysis. 
3. Measurement Results 
To validate the system, measurements were carried 
out for different liquid materials, including salty water, 
water with PG (propylene glycol), water with ethanol and 
pure ethyl acetate. Each sample was measured at room 
temperature (25 ℃), 1001 frequency points from 100 kHz to 
6 GHz were measured. The measurement results are 
compared with those in the published literatures in Table 1. 
Fig. 8 shows the reflection coefficients before and after 
calibration of one liquid sample (pure ethyl acetate). As 
expected, the reference plane of the reflection coefficient is 
transformed to the interface between the probe and the MUT.  
The complex permittivity of the four liquids are 
shown in Fig. 9 - Fig. 12, which are compared with those in 
published literatures. Good agreements are achieved. It can 
be seen that the four liquids have different electrical 
properties and can be applied in various applications. The 
salty water (salinity 50 ppt) has an imaginary part higher 
 
Fig. 5.  Block diagram of the error box. 
 
 
Fig. 6.  Flow chart of the fast searching algorithm. 
 
 
Fig. 7.  Coarse search and refined search. 
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than 38, which could be used as a conductive material. The 
water with 5% PG has a similar permittivity with the pure 
water; In the meanwhile, it has a freezing point around 
−3 ℃, which can replace the pure water at low temperatures. 
The pure ethyl acetate has a real part around 6 and an 
imaginary part less than 0.8, which is a promising candidate 
for dielectric loaded applications.  
In Fig. 9 - Fig. 12, we can observe small differences 
between the measured and published results. This should be 
due to the manufacture error of the probe. It could also be 
due to the different models and the instrument uncertainties 
used in the material measurement. Note that the simulated 
model in this paper is full wave and very accurate, the error 
could be dominated by the manufacture error.  
4. Conclusion 
In this paper, a generalised system has been proposed 
for complex permittivity measurement of liquid materials. 
The system has advantages of high efficiency, broadband 
measurement and can be applied to an arbitrarily shaped 
 
(a)                                                            (b) 
Fig. 9.  (a) Real part and (b) imaginary part of the 
complex permittivity of the salty water (salinity 50 ppt) at 
25℃. 
 
 
(a)                                                            (b) 
Fig. 10.  (a) Real part and (b) imaginary part of the 
complex permittivity of the water with 5% PG at 25 ℃. 
 
 
(a)                                                            (b) 
Fig. 11.  (a) Real part and (b) imaginary part of the 
complex permittivity of the water with 60% ethanol at 
25 ℃. 
 
 
(a)                                                           (b) 
Fig. 12.  (a) Real part and (b) imaginary part of the 
complex permittivity of the pure ethyl acetate at 25 ℃. 
 
Table 1 Comparison of measurement and published 
results 
Liquid                                
samples 
Measurement  
results 
Published 
literatures 
Salty water (salinity 50 ppt) Fig. 9 [33] 
Water with 5% PG Fig. 10 [34] 
Water with 60% ethanol Fig. 11 [35] 
Pure ethyl acetate Fig. 12 [36] 
(ppt: parts per thousand) 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 8.  Calibration process by using: (a) open, (b) short 
and (c) pure water. (d) Measured reflection coefficients of 
MUT (pure ethyl acetate). 
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probe. It provides a new approach for complex permittivity 
measurement of liquid materials. By comparing 
measurement results with published literatures, the system 
has been verified. Typical liquid samples have been 
measured, and potential applications of these samples have 
been discussed. 
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